Professor Hume was right: rootstocks are critical and much is still to be learned. Rootstocks and scions are the foundation of many tree fruit industries of the world. Together, those components establish profitability, but it can be argued that the rootstock is the critical component; otherwise, scions would be grown on their own roots everywhere. There is no precedent for the failure of a citrus industry because of an inadequate scion variety, but serious problems have occurred because of a less than satisfactory rootstock. Therefore, after 35 years in the field conducting rootstock and scion evaluation research and working with our University of Florida citrus plant improvement team, here is an historical perspective on citrus rootstocks along with some observations and reflections on the human or social side of research and grower cooperation.
It is well established from decades of experience that citrus rootstocks bring many advantages and profitability to commercial enterprise. In some instances, citrus rootstocks are the sole determining element that allows citrus to be grown in particular circumstances. Yet, despite their popularity and necessity, every rootstock has one or more undesirable traits that preclude its universal use. Those limitations have sometimes been discovered during research and development; at other times, they have not been revealed until after significant commercial use.
Until the mid-1800s, citrus was grown primarily as seedlings. Commercial operations were limited in scope and size as compared with today and certainly were not operated with the same level of technical knowledge or experience. It is generally known that two grand disease events were apparently responsible for creating the initial interest in citrus rootstocks and changing the direction of citriculture; first, the damaging effects of Phytophthora foot rot when ownrooted sweet orange trees were common. Many of those trees were actually seedlings with their own inherent disadvantages. The second disease problem was citrus tristeza virus, which devastated trees of sweet orange and other varieties on the highly susceptible sour orange, the most popular rootstock in many parts of the world before the spread of the virus. As these problems spread and were encountered by citrus growers worldwide, budding, i.e., using a rootstock, became the accepted practice. Grafting or budding is actually a centuries old horticultural technique but one not widely practiced in citriculture until the late 1800s or the early 1900s. It was not until the 1940s, however, that the cause of tree decline on sour orange came to be associated with a graft-transmissible entity later shown to be a virus.
The ''modern'' era of citrus rootstock use and subsequent history could be described as beginning in the early part of the 20th century in response to the diseases mentioned (Webber, 1967) . Field trials with usually a small number of rootstocks were initiated and eventually followed with ones of larger scale (Batchelor and Rounds, 1948; Gardner et al., 1967; Moreira and Salibe, 1969) . Those early trials also revealed the importance of other unknown virus and viroid diseases that affected the rootstocks being evaluated. However, they were conducted under considerable constraints, in retrospect, given the genetic and breeding tools available in 2009.
Formal breeding programs have emerged and use new technologies such as somatic hybridization and molecular markers that are altering and expanding the range of possibilities for genetic manipulation leading to improved rootstocks (Kahn, 2007) . As a result, there is a new era of citrus rootstock research and development underway that is linked to different ways of thinking about rootstocks and their role in future citrus orchards. It is conceivable that genetic advances might eventually eliminate the need for rootstocks as rootstock traits are incorporated into the scion variety.
Importance of Citrus Rootstocks
The importance of a citrus rootstock rests on the subtle distinction between the general reasons why rootstocks are used and individual rootstock characteristics. A rootstock primarily provides a reduction in juvenility (time to bearing) and tree vigor when compared with seedling trees; thus, citrus trees propagated with a rootstock combined with a pathogen-free scion bring a much improved degree of uniformity and consistency to an orchard. Secondarily, rootstocks have many individual characteristics that contribute in positive ways to the performance of a citrus tree (Table 1) . They influence various horticultural traits and provide tolerance to pests and diseases and certain soil and site conditions that contribute significantly to orchard profitability. Also important are rootstock nursery traits such as the degree of nucellar embryony that is related to the ease, expense, and consistency of propagation. These reasons combined explain why propagation of citrus trees with rootstocks has long been preferred over the use of scion cuttings taken from mature trees.
The existence of citrus rootstock choices has historically meant that: 1) sour orange could be replaced, thus averting future disasters from large-scale tree loss resulting from citrus tristeza virus infection; 2) citrus orchards could be grown on marginal soils and locations because rootstocks suitable for high pH soils, salinity problems, or colder areas were available; 3) particular objectives could be met by selecting not the best overall choice, but by selecting a rootstock for one specific purpose like large fruit size, for example, the use of rough lemon rootstock for navel oranges or Volkamer lemon for 'Murcott'; 4) rootstocks with complementary tolerances to pests and diseases could be selected to reduce the risk of tree loss; and 5) the harvest season could be extended because of the effect of rootstock on juice Brix/acid ratio.
Today, breeding citrus rootstocks continues with emphasis on many characteristics, but especially on creating rootstocks that reduce tree size beyond what is currently possible among commercial rootstocks. Sizecontrolling rootstocks are important for higher density orchards, and rootstocks that induce scion precocity are needed for significant cropping to begin early. Of course, new rootstocks must also lead to excellent yields of high-quality fruit and possess other key tolerances.
Distinctiveness of citrus rootstocks versus other tree fruit rootstocks. The long list of citrus tree performance factors attributable to the rootstock (Table 1 ) is difficult to match by any other tree fruit. Yield, for example, can be affected by the choice of rootstock in apple, pear, or peach, but in those instances, fruit quality and yield efficiency are usually maintained by canopy management rather than rootstock choice (Castle, 1995) . Rootstocks for deciduous tree fruit crops are usually selected for tree size control and their tolerance to various pests or diseases. Another distinction is the nature of the citrus fruit itself and its morphology and physiology. The citrus fruit consists of small sacs filled with juice. The composition of the juice determines flavor and is affected by plant water relations. Rootstocks are linked to plant water relations and consequently have a role in the taste of the fruit (Albrigo, 1977) . The apple fruit has a different morphology and its flavor and texture are not so directly affected by the rootstock. Furthermore, apples are a climacteric fruit; citrus is nonclimacteric. That difference is related to the virtual absence of a rootstock effect on quality in fruits such as apple and emphasizes the importance of citrus rootstocks.
History of Citrus Rootstocks
There are at least three reasons for defining an early era (%1900 to 1970) and modern era (1970 forward) of citrus rootstocks: 1) commercial enterprises of today's scale did not emerge until toward the end of the early era. As a result, the value of a rootstock, even the critical need for the right rootstock, was known but was not fully exploited because rootstock science and commercial experience were relatively undeveloped; 2) international trade in citrus fruit and products was established on a larger scale than during previous decades partly because new rootstocks allowed citrus to be grown in large plantations with fewer risks than before; and 3) budwood protection programs were established toward the end of the early era and advanced in the modern era. Those programs offered new choices because rootstocks with virus and viroid susceptibilities could then be used with clean budwood.
There are essentially 11 rootstocks (see following numbered rootstocks) that formed the world's portfolio during three historical phases. Most of those rootstocks have been known for decades and are the mainstay of the global citrus industry today. Few additions have been made since then, but new hybrids are being produced that may change the situation in the new era.
Phases I and II occurred in the early era and Phase III in the modern era. In the history of rootstocks, Phase I is the world story of sour orange (1) rootstock, the only rootstock that might be considered as universal because of its widespread use. That phase was followed by two others, the first one involving rootstocks like Cleopatra mandarin (2), rough lemon (3), Volkamer lemon (4), and sweet orange (5) as choices of interest until replacements were found for sour orange. The third phase began when the citrange and citrumelo rootstocks were discovered. They were shown initially to have enough similarities to sour orange to be quickly accepted commercially in Florida and California and of sufficient promise to be included in rootstock evaluation trials elsewhere.
All of sour orange's excellent attributes are well known along with its major limiting factor, susceptibility to citrus tristeza virus. That virus was responsible for virtually eliminating or forcing drastic changes to the citrus industries in places like Australia, Argentina, Brazil, the United States, the Mediterranean region, and South Africa. In other parts of the world, like Mexico where the virus or vectors are not present at a damaging level, sour orange remains a part of the rootstock portfolio, but its future is threatened. The spread of the efficient vector, the brown citrus aphid, is a major factor in that threat. There are a few areas remaining where sour orange continues as the rootstock for lemons, the only common commercial scion that can survive tristeza when grown on sour orange rootstock. Sour orange remains the major rootstock in Italy.
Phase II rootstocks achieved different levels of commercial importance. Rough lemon was at one time the major rootstock in Florida for processed oranges. Rough lemon also has a history as a rootstock for fresh fruit in South Africa where it produced good-sized navel oranges and California where it had some use as a rootstock for lemons; likewise, Volkamer lemon attracted similar interest, but not usually on the scale of rough lemon. Cleopatra and other mandarins have often been chosen as the rootstock for mandarin and mandarin-hybrid scion varieties. Their use with those scions has remained essentially constant; however, commercial experience consistently revealed their slowness to bear and small fruit size limitations that preclude their use with other scions.
Phase III begins with trifoliate orange (6), a rootstock with a long, successful, and traditional history as the major rootstock in Japan and China. Trifoliate orange also has a significant place in northeast Argentina and Uruguay for fresh fruit and to a limited extent in Australia and California for the same purpose. In some parts of the world, trifoliate orange did not become an important rootstock until sometime in the modern era. It had a reputation in its early history of being erratic. It was subsequently learned that exocortis viroid was the reason for that reputation. The commercial prospects for trifoliate orange were also improved when it became apparent that there were selections categorized primarily by flower size that affected budded tree size. Among those is the selection Flying Dragon that produces the most size-controlled trees of any rootstock. For that reason, it has attracted interest among rootstock breeders and for commercial use, largely in Argentina and in Costa Rica where substantial numbers of lemons and sweet orange trees, respectively, are being planted on this rootstock.
Citranges and citrumelos, hybrids of trifoliate orange with sweet orange and The list is not intended to be comprehensive but to show the most important attributes representative of the world's citrus industries.
